Computational experiments based on direct numerical simulation of wall-bounded flow reveal that turbulence production can be suppressed by the action of a transverse travelling wave. Flow visualizations show that the near-wall flow structure is altered substantially, compared to other turbulence control techniques, leading to a large amount of shear stress reduction (i.e., more than 30%). The travelling wave can be induced by a spanwise force that is confined within the viscous sublayer, it has its maximum at the wall, and decays exponentially away from it. We demonstrate the robustness of this approach, and its application in salt water using arrays of electromagnetic tiles that can produce the required travelling wave excitation. We also study corresponding results from spanwise oscillations using a similar force, which also leads to large drag reduction. Although the turbulence statistics for the two approaches are similar, the near-wall structures appear to be different: in the spanwise oscillatory excitation there is a clear presence of wall-streaks whereas in the travelling wave excitation these streaks have disappeared. From the fundamental point of view, the new finding of this work is that appropriate enhancement of the streamwise vortices leads to weakening of the streak intensity, as measured by the normal vorticity component, and correspondingly substantial suppression of turbulence production. From the practical point of view, our findings provide guidance for designing different surface-based actuation techniques including piezoelectric materials, shape memory alloys, and electro-magnetic tiles.
Introduction
Direct evidence linking the organized vortical structure of turbulent boundary layers and measurable stress quantities in the flow has been provided in many numerical simulation studies (e.g. Bernard, Thomas & Handler 1993; Kravchenko, Choi & Moin 1993; and Jimenez & Pinelli 1999) . In Bernard et al. (1993) , analysis of numerical data for turbulent flow in a channel demonstrated that Reynolds stress production is linked directly to the dynamics of quasi-streamwise vortical structures in the wall region. In Kravchenko et al. (1993) , streamwise vortices were generally observed to lie directly above and displaced laterally from high-skin-friction regions. Also, the net drag associated with regions of strong streamwise vortices was larger than the mean skin friction for the entire wall. In Jimenez & Pinelli (1999) the turbulence regeneration cycle was shown to be associated with the near-wall region only and independent of the outer flow. Interrupting the streak cycle artificially led to large drag reduction and even flow re-laminarization. Based on this and other experimental evidence (e.g. Swearingen & Blackwelder 1987) , the focus in modern drag reduction techniques has been on controlling locally individual streamwise vortices based on sophisticated but often rather complex closed-loop control strategies (Lee et al. 1997; Rathnasingham & Breuer 1997) . While effective, such approaches may be inefficient or not even feasible in the high Reynolds number regime where length scales are of the order of tens of microns.
The guiding fundamental principle behind such approaches has been the weakening of streamwise vortices and the simultaneous enhancement of spanwise vorticity. This theme has been followed in many turbulence control strategies (see Gad-el-Hak 2000) . For example, oscillating the wall along the spanwise direction in a turbulent boundary layer flow leads to large drag reduction of more than 30% as was found numerically by Jung, Mangiavacchi & Akhavan (1992) and experimentally by Choi, DeBisschop & Clayton (1998) . The basic mechanism of drag reduction in this case has been attributed to the weakening of the intensity of streamwise vorticity fluctuations by almost a factor of two across the entire thickness of the boundary layer (see DNS studies of Baron & Quadrio 1996) . On the other hand, it has been reported that a net spanwise vorticity was created in the boundary layer during the upward as well as downward motion of the oscillating wall (see Choi 2001) .
Consistent with this practice is the view (Swearingen & Blackwelder 1987 ) that the instability of low-speed wall streaks is responsible for sustaining the turbulence cycle, and more recent theories by Jimenez & Pinelli (1999) , Schoppa & Hussain (1997) and Waleffe (1997) have provided fundamental insight into this process. In particular, Schoppa & Hussain (1998) , capitalizing on their result, proposed a promising turbulent drag reduction strategy based on a model of streamwise generators centred at the edge of the boundary layer (channel centreline in their DNS study). The interesting aspect of this approach is that it introduces substantial streamwise vorticity, it is a large-scale excitation, and it leads to large (more than 20%) drag reduction at a relatively small excitation amplitude. Despite the introduction of external vorticity along the flow direction, the normal vorticity fluctuations of the controlled field were suppressed by a factor of about two compared to the uncontrolled case.
In an independent experimental investigation, Nosenchuck & Brown (1993) and Nosenchuck (1996) , also motivated by the same principle of weakening the streamwise vorticity, designed an array of electro-magnetic (EM) tiles to suppress turbulence of weakly conductive fluids. Specifically, they claimed that streamwise vorticity can be substantially reduced if electrodes with different polarity are activated sequentially in a multi-phase pattern, thus producing locally sources of vorticity with opposite sign to the incoming flow vorticity. In addition, it was argued that a predominantly spanwise source of vorticity is introduced as a result of the ∇ × F l , where F l is the induced Lorentz force. Large amounts of drag reduction were reported by Nosenchuck and collaborators but extensive numerical simulations of these designs by Crawford (1996) and Du (1999) as well as simulations by O'Sullivan & Biringen (1998) for a similar design by Bandyopadhyay & Castano (1996) did not show any significant drag reduction.
In the current work, we study the interactions caused by a new way of introducing streamwise vorticity into a turbulent boundary layer. Specifically, we consider a spanwise excitation in the form of a travelling wave, which is confined within the viscous sublayer. The induced streamwise vorticity has also a travelling wave form. This excitation is different from the Lorentz force excitation produced in Nosenchuck's electro-magnetic tiles. In fact, travelling waves have also been seen in those experDrag reduction in wall-bounded turbulence via a transverse travelling wave 3 iments for a multi-phase excitation pattern. This configuration is also studied here and the presence of travelling waves is confirmed. However, the flow visualizations in the experiments reveal waves propagating at an oblique direction, presumably driven by both the spanwise and streamwise components of the Lorentz force. It is shown in the present paper (see Du 1999 for details) that indeed the streamwise component is of magnitude comparable to the spanwise component of the Lorentz force. Previous experimental (Henoch & Stace 1995) as well as numerical investigation (Crawford & Karniadakis 1997) have shown that streamwise Lorentz force excitation leads to net drag increase and enhancement of turbulence intensity.
The transverse Lorentz force excitation studied here leads to suppression of turbulence production and corresponding drag reduction of more than 30%, for travelling waves of appropriate frequency, wavelength and effective penetration of the force into the fluid. The required wavelength, in particular, spans across many pairs of wall streaks, and this makes the proposed method both feasible and efficient. Another important aspect of this new control is that the wall streaks are partially stabilized and in many cases most of them are eliminated. Typically, in other drag reduction techniques the wall streak spacing may increase or the streaks may appear more organized but the familiar picture of pairs of high-and low-speed streaks is not altered. We also study and contrast the travelling wave excitation with an oscillatory force excitation, which can be produced by electro-magnetic strips oriented along the spanwise direction. This form of excitation is similar to spanwise wall oscillations, and leads to substantial net drag reduction. However, in this case too the fundamental near-wall structure of turbulence remains basically unaltered.
In the following, we first describe the simulation of the multi-phase electro-magnetic control in § 2. In § 3, we present results from the oscillatory excitation, and in § 4 we present results from the travelling wave excitation. Preliminary results related to § 4 were first reported in Du & Karniadakis (2000) ; here we demonstrate the robustness of the proposed excitation by exploring the parameter space and employing nonideal travelling waveforms. In addition, we provide details of the flow structures for representative cases. We conclude in § 5 with a summary and a brief discussion on the feasibility and efficiency of the new control method. Validation results are included in the Appendix.
Results from EM turbulence control -EMTC
We first review some results obtained from a DNS of a companion experiment conducted at Princeton University by Nosenchuck and collaborators using electromagnetic turbulence control (EMTC) based on an array of tiles (Nosenchuck & Brown 1993; also, Nosenchuck private communications) . A single electro-magnetic tile unit consisting of two electrodes and two magnets perpendicular to the flow is shown in figure 1 . The magnetic field is 0.5 T and the the electric field is 100 V m −1 . This unit is repeated periodically to cover the controlled region of a flat plate. The produced Lorentz force is three-dimensional with the largest component in the normal direction. The spanwise force has about the same magnitude (although smaller), while the streamwise component is one-third of the spanwise one (Crawford 1996; Du 1999) . Of particular interest is the form of excitation, i.e. the pulsing strategy, which is accomplished via an elaborate 16-phase scheme, with non-dimensional frequency of 3.5 between each excitation cycle (the non-dimensional frequency is based on the convective time scale, which, in turn, is defined by the half-channel width and the centreline velocity). The two permanent magnets are denoted by the horizontal lines (0.5 in. apart) and the two electrodes by the rectangles. The entire pattern is produced by repeating this unit many times along the streamwise (vertical) and spanwise (horizontal) directions. The flow is perpendicular to the magnets. Specifically, the 16 phases can be classified into two categories, each having eight phases. We refer to them as 'Class I' and 'Class II' phases. In the first class, all negative electrodes are aligned in the streamwise x-direction. In the second class, all positive electrodes are aligned in the streamwise x-direction. The first phase of Class I is shown in the plot of figure 2(a). Here '+' denotes positively activated electrodes and '−' denotes negatively activated electrodes. Each subsequent phase in this class shifts the entire pattern one electrode over in the positive spanwise z-direction. The first phase in Class II is also shown in figure 2(b). Again, each subsequent phase in this class shifts the entire pattern one electrode over in the positive spanwise z-direction. The 16-phase pulsing pattern is formed by taking two consecutive phases in each class alternately. First, we take the first two phases in Class I (i.e. 1 and 2), followed by the first two phases in Class II (3 and 4); then, we take the next two phases in Class I, and so on.
In the simulations, a channel is used as computational domain with only the lower wall subject to electro-magnetic control. The Reynolds number based on the channel half-width and the wall shear velocity of the uncontrolled flow is Re τ ≈ 150. More details on the simulation and validation with a specially designed single-tile experiment are presented in the Appendices (see also Du 1999) . In figure 3(a) , we plot the time history of streamwise vorticity and its corresponding spectrum at a point above the centre of one tile unit between two electrodes and very close to the wall (y + ≈ 2). There is a peak at non-dimensional frequency 0.22 (convective time units), which is exactly the frequency of the 16-phase imposed pulsing pattern (in convective time units 3.5/16 ≈ 0.22). The time history of the total drag force is shown in figure 3(b) for both the controlled and no-control walls. For smaller voltage values employed in the experiment and the simulation a slight increase in drag was observed but for larger values a drag increase by more than 30% is obtained as shown in the figure. This finding is consistent with experiments performed at the Naval Undersea Warfare Center (NUWC) (R. Philips, private communications). This overall increase in drag force is also consistent with an increase in all three velocity turbulence intensities as shown in figure 4 . The large value of the spanwise velocity fluctuation is related to the coherent spanwise motion induced by this type of electro-magnetic control. In the following, we examine in more detail corresponding flow patterns.
2.1. Near-wall flow structure: spanwise oscillations or travelling waves? In order to better understand the effect of EMTC we examined systematically the flow field with focus on the near-wall structures. By following many frames of the flow per cycle we were able to detect a coherent spanwise-periodic motion. In figure 5 , we present contours of spanwise velocity on a plane close to the wall (y + ≈ 3) at the end of phases 1, 5, 9 and 13. Rectangles denote the electrodes: more specifically black rectangles are negatively activated whereas white (or blank) rectangles are positively activated. The rest of the electrodes are non-active at that time instant. The red colours denote flow in the positive spanwise direction, and blue colours flow in the negative spanwise direction. The penetration of the Lorentz force excitation into the fluid is quantified in figure 6 ; it shows profiles of the spanwise velocity along the vertical direction. We observe that the induced velocity is substantial within the first five (viscous) units from the wall. From the flow visualizations and these velocity profiles, we can see that strips of fluid along the streamwise direction are being 'propelled' along the spanwise direction in a periodic fashion, resembling either transverse travelling waves or oscillations. We examine the effect of each such excitation separately in the next two sections.
Transverse oscillatory excitation
A uni-directional Lorentz force can be produced by arranging magnets and electrodes in an alternating fashion (Tsinober 1990 ). This configuration aligned with the flow direction was employed in both experimental (Henoch & Stace 1995) as well as numerical studies (Crawford & Karniadakis 1997) to investigate the possibility of drag reduction in wall-bounded turbulence, but this approach was proved ineffective. However, substantial drag reduction is obtained if a similar excitation is applied along the spanwise direction forcing the flow to oscillate at a certain frequency, as we show below (see also Berger et al. 2000 for a detailed study).
To simplify matters, we approximate the spanwise Lorentz force by
where I = 1 is the (non-dimensional) amplitude of excitation or interaction parameter, which is proportional to the product of the magnetic and electric fields, and ω = 2π/T with T the period of the oscillation. Also, ∆ + = 3 (in viscous units) is the effective penetration of the Lorentz force. It is defined directly by equation (3.1), and its value is determined by the size of the electrodes (see Du, Crawford & Karniadakis 1998 for a detailed discussion). The upper wall is practically unaffected by the Lorentz force applied at the lower wall due to the fast decay of the Lorentz force. That is, the mean and turbulent intensities do not depend on the upper wall although the higher-order statistics (i.e. skewness and flatness) may be affected. However, the amount of drag reduction is not affected by the presence of the upper wall.
In the simulation, we can compare simultaneously and under identical conditions the uncontrolled and the controlled walls. Equation (3.1) assumes that both the electric and magnetic fields are sinusoidal. This is only approximately true for finite size of electrodes and magnets. This effect can also be taken into account, and closed-form solutions in the form of series expansions have been derived in Du (1999) ; they include relatively small correction terms. These more accurate solutions also verify the exponential decay of the Lorentz force.
We have run simulations with three oscillatory excitations corresponding to T + = 50, 100 and 200, where
The Reynolds number is Re τ ≈ 150 defined as in the previous section. Figure 7 shows a typical time history of the total drag force on the lower (control) wall (y = −1) and upper wall (y = 1) for the case with T + = 100. This case results in the biggest drag reduction reaching more than 35% asymptotically. Similarly, the case corresponding to T + = 50 leads to drag reduction close to 30% but the case with T + = 200 results in drag increase. These amounts depend on the penetration length ∆ and the Reynolds number Re τ ; a systematic study of those effects was carried out in Berger et al. (2000) .
In figure 8 we plot the velocity and vorticity turbulence intensities for the case corresponding to largest drag reduction, i.e. T + = 100. The r.m.s. levels are reduced for the streamwise and normal velocity components at the controlled wall for the drag reducing case but they all increase for the drag increasing case (see Du 1999) . The large r.m.s. values of the spanwise component are associated with the oscillatory motion induced by the Lorentz force.
Interference with the Stokes layer
The results obtained with the oscillatory Lorentz force are consistent with the oscillating wall results of Jung et al. (1992) , which show that at frequency corresponding to T + ≈ 110 the largest amount of drag reduction is achieved. In particular, a physical argument was presented by Jung et al. (1992) on the selection of the optimum oscillating frequency. It is based on the hypothesis that the edge of the Stokes layer generated by the oscillating wall is about 2.5 in terms of the non-dimensional units y * = y ω/2ν above the wall. The location of the centre of near-wall streamwise vortices is about 15 in wall units y + = yu τ /ν. If we match these two length scales, we obtain a value of T + ≈ 110:
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It was then argued that at the frequency corresponding to this period, the Stokes layer generated by the oscillating wall interferes with the turbulence production cycle by suppressing the bursting and sweeping events to the greatest extent, and hence maximum drag reduction is achieved at such excitation conditions. In figure 9 , we plot profiles of spanwise velocity normalized by the centreline streamwise velocity for the case T + = 100. We can see that a Stokes layer with thickness y * = 2.5 is also generated similar to the excitation by the oscillating wall. Experimental results by Choi et al. (1998) have verified and extended the results of Jung et al. (1992) . However, a different physical scenario has been postulated by Choi (2001) based on the change of sign of streamwise vorticity during the oscillation caused by the induced vortex sheet close to the wall. We will return to this point later in § 4.7.
Transverse travelling wave excitation
An excitation that would induce spanwise motions closer to the ones observed in the simulation of the Princeton multi-tile configuration (see § 2) is that of a Lorentz force resembling a travelling wave along the span as follows:
where I is the interaction parameter, λ z is the wavelength in the span, and T the period. Here we take the penetration length ∆ + ≈ 3 (in wall units) as in the case of oscillatory excitation; later we will also investigate the effect of different values. Simulations performed at Re τ ≈ 150 with different combinations of λ z , T, I and ∆ values show that drag reduction over 30% can be achieved in certain cases. We examine a representative number of cases next, and subsequently we present the modified near-wall structures. Figure 10 shows the drag force history on the controlled wall for cases with I = 1 and T + = 100, 50 and 25, respectively. The results depend strongly on the frequency, even qualitatively, as in the case of the oscillatory Lorentz force discussed in the previous section. However, here T + = 50 gives the maximum drag reduction among the three cases, which is about 30%. This shows that for a travelling wave Lorentz force, we need to increase the frequency compared to the oscillatory Lorentz force (for the same amplitude) in order to achieve maximum drag reduction at about the same level.
Effect of frequency

Effect of force magnitude
The next simulations are performed with λ = 5.6, T + = 100 and ∆ + = 3. We have investigated three cases corresponding to force magnitudes I = 0.5, 1 and 2. Figure 11 shows the time history of the drag force on the lower controlled wall for the three cases. Surprisingly and unlike the results of Jung et al., the smaller the interaction parameter, the lower the drag force, with only I = 0.5 resulting in drag reduction. This finding is suggestive of favourable energetics for the travelling wave excitation.
Effect of wavelength
We investigate next the effect of spanwise wavelength by performing another set of simulations. We keep T + = 50, ∆ + = 3 and I = 1, and assign three different values of wavelength, i.e. λ z = 5.6, 2.8 and 1.4 in global units (i.e. with respect to half-channel height). All three cases lead to drag reduction as shown in figure 12 , with a monotonic trend, and with the longer wavelength corresponding to greater amount of drag reduction. This is true within the range tested (λ + z up to 840 wall units) and no attempt was made to find the optimum wavelength due to limitations in computational resources.
Effect of energy input
In figure 10 , where we presented the frequency effect for λ z = 5.6, we now add one more curve (see figure 13a) corresponding to the case with T + = 50 and I = 0.5. We see that this new curve is very close to the curve corresponding to T + = 25 and I = 1, and for both simulations the total (average) energy input per cycle is the same. In particular, the product I × T is proportional to the energy input by the Lorentz force, and thus I = 1, T + = 25 has similar energy input to I = 0. (in convective time units), and continue the simulations. Now both cases have the same average energy input as the case shown by the lowest curve in the plot. The new results are shown on figure 13(b). We can see that there is a sudden decrease at the beginning and eventually both curves follow each other closely towards the lowest curve in the plot.
Of course, not all combinations of (I, T + ) whose product is constant will produce the same flow result. For example, we have also carried out a simulation with I = 0.25 and T + = 200 (with ∆ + ≈ 3), but this case gives drag increase as the frequency of the travelling wave (and correspondingly the phase speed) is very low. This means that we first have to obtain the right range of frequency, and subsequently to search for the optimum energy input. The results here suggest that there is a threshold value of energy input, below which wall-turbulence is unaffected and above which drag increase may be obtained; close to that threshold large amounts of drag reduction can be achieved.
Effect of penetration length
We have examined the effect of penetration length by varying ∆ + = 1.5, 3, 6 and 15 for the cases summarized in table 1. Conclusively, we have found that if the product
then a drag reduction of about 30% is obtained independently of the specific values of I, T + and ∆ but for deviations within a five-fold change in their magnitudes. This product is dimensional and its exact value depends on the Reynolds number. However, since all the simulations we present here are for fixed Re τ ≈ 150 we will use it in the rest of the paper. Also, the values of the drag reduction are approximate as they depend on the modulation of drag history; we will return to this point later. In figure 14 we show typical time histories of three different combinations which result in approximately the same amount of drag reduction; the product I × T + × ∆ = 1 in all three cases. In figure 15 we show drag histories for a very small penetration length ∆ = 0.01 (∆ + ≈ 1.5) with one case corresponding to a product of 1 and the other to 0.5. These and other numerical experiments (not presented here) indicate the validity of this 'invariant product' of equation (4.2). It is a useful constraint since it can serve as a guide in designing physical systems that approximately satisfy equation (4.2). For example, in designing electro-magnetic tiles for actuation one has to select properly the electrode size as it influences directly the penetration length ∆.
Effect of non-ideal travelling wave
An ideal travelling wave excitation is difficult to implement in practice using electromagnetic tiles or other micro-actuating devices (Ho 1997) . In this section, we examine the consequences of such deviations from ideal travelling waves for drag reduction and suppression of turbulence production. First, we model the spanwise component of the Lorentz force generated in the 16-phase multi-tile experiment at Princeton University, which was described in § 2 (see figure 5) . We can obtain the approximate waveform by examining the spanwise Lorentz force distribution in figure 16(a) (see p. 7) , where we show a plan view of the configuration. Cutting through the centre of a pair of 'dots' across the channel, we obtain a cross-sectional view as shown in figure 16(b) . This distribution resembles a generic 'two-bump' function shown in figure 17(b) , which we use in the simulations. In figure 17(a) , we present the time history of the drag force from our simulation. We can see that more than 25% drag reduction is obtained. However, this result is obtained with T + = 25; in fact, for T + = 50 we obtained a net drag increase. This suggests that in order to achieve drag reduction in this case, we need to sweep across the channel faster due to the gaps between the positive and negative action regions of Lorentz force. We have also considered different waveforms which are discontinuous either in space or in time; these are summarized schematically in figure 18 . We have found that for the square positive/negative pulse (plot a) we obtain a slightly higher drag reduction than in the case of the ideal sinusoidal waveform, but for the positive-only pulse (plot b) we obtain a slight drag increase. An interesting result was obtained with the piecewise step pulses shown in figure 18(c,d ): For the waveform with an inactive zone around the node (plot d ), a drag reduction of more than 20% is obtained whereas for the waveform without a node (plot c) no substantial change in the drag force was observed. The corresponding time histories of these two cases are shown in figure 19 along with the no-control case for reference. The parameters employed in all these simulations are T + = 50, I = 1 and ∆ + = 3; no attempt was made to explore this parameter space. In addition, for the two piecewise step pulses we employed a 'quantized' (i.e. non-continuous) time shifting in order to simulate more realistically the discrete temporal actuation of physical experiments.
Modifications of near-wall structures
In figure 20 we plot the mean velocity profile in viscous units; the shear velocity at the upper (no-control) wall is employed in the normalization. In figure 21 we present the velocity and vorticity turbulence intensities for the baseline case with I = 1, T + = 50, ∆ + = 3. The modified statistics near the controlled wall (y = −1) are similar to the statistics of the transverse oscillatory excitation (see figure 8) . The for both types of excitation, i.e. the travelling wave and the spanwise oscillation. The latter case exhibits substantially larger values for the streamwise and normal components but there are also qualitative differences very close to the controlled wall. The main difference between the transverse travelling wave excitation and the transverse oscillatory excitation, as well as other drag reduction techniques such as riblets, spanwise oscillations, polymers etc. (see Gad-el-Hak 2000) , is in the modification of near-wall streaks. The effect of the action of the travelling wave, when it is effective in reducing the drag force on the controlled wall, is to weaken and in many cases to eliminate most of the wall streaks. This is shown in figure 23 that plots instantaneous near-wall streamwise velocity contours both at the controlled lower wall (plot b) and at the upper uncontrolled wall (plot a) at the same time instant; these planes are at y + = 4 away from the walls. We see that while the upper wall exhibits the familiar turbulence structure consisting of pairs of high-speed and low-speed streaks with the characteristic spacing of about 100 wall units, no such pairs can be found near the controlled surface. Instead, a wide 'ribbon' of low-speed velocity is formed. This is a significant new finding, in view of the fact that streaks and streak spacing are usually difficult to alter even in cases where a very large amount of drag reduction has been obtained. For example, in drag reduction using polymers the increase in streak spacing is proportional to the percentage of drag reduction (Tiederman 1990; Sureshkumar, Beris & Handler 1997; Nieuwstadt & DenToonder 2001) .
In order to contrast this finding with the turbulence structure resulting from other drag reducing techniques, we plot in figure 24 the wall streaks visualized in simulations of turbulent flow over streamwise riblets (Chu & Karniadakis 1993) . Although a drag reduction of about 5% is achieved in this case, the lateral spacing of the streaks does not change but the streaks appear more elongated compared to the uncontrolled case. For randomly distributed roughness a larger amount of drag reduction is achieved with the spacing of the streaks increased by about 10% (Sirovich & Karlsson 1997) . Similarly, if instead of a travelling wave an oscillatory flow along the spanwise direction is imposed, as discussed in § 3, the wall streaks are still present as shown in figure 25 , but they are inclined with respect to the flow direction due to the spanwise flow component. In both cases, despite these obvious modifications the fundamental structure of near-wall streaks and corresponding vortex lines remain the same, unlike the travelling wave excitation, where no wall streaks or vortex lines resembling hairpin vortices can be found. In order to investigate the spatial extent of the modification of flow structures in the near-wall regions, we visualized instantaneous contours of streamwise velocity as well as pressure. In figure 26 we present two contour levels of the streamwise velocity in a cross-flow plane for both the controlled and uncontrolled wall. We see that even at distances more than 20 wall units away from the controlled wall there are no streaks present as in the uncontrolled case. To obtain a magnitude of the intensity of the streaks we plot in figure 27 one level of the normal vorticity for the controlled and uncontrolled wall. These results too confirm the significant weakening of streaks even away from the wall in the controlled case and the complete elimination of most of the wall streaks. Of course, not all streaks are eliminated, otherwise turbulence could not be sustained (Jimenez & Pinelli 1999) .
In figure 28 we plot four different quantities (streamwise velocity, streamwise vorticity, pressure and spanwise velocity) close to the controlled wall (y + = 4) all at the same time instant. In particular, we observe that the spanwise velocity has a travelling wave form similar to the excitation force, which results in the 'regularization' of the streamwise vorticity. Indeed, unlike the classical view where reinforcement of the spanwise vorticity may result in suppression of turbulence production (see for example Nosenchuck & Brown 1993) , here it is the introduction of external streamwise vorticity that leads to suppression and significant weakening or substantial elimination of the near-wall pairs of streaks. This regularization of streamwise vorticity has also been suggested by Dhanak & Si (1999) as the mechanism for drag reduction in spanwise wall oscillations. However, a different explanation has been provided by Choi (2000) who proposed that the total streamwise vorticity is weakened substantially over one oscillation period because of a change of sign of the vorticity introduced by the vortex sheet sustained by the periodic Stokes layer. At the same time the net spanwise vorticity is enhanced. Returning to the travelling wave excitation, we also see in the plots of figure 28 that the wide 'ribbon' of low-speed fluid, which extends over 200 units, is directly related to the large strip of positive streamwise vorticity (red zone on figure 28b). The underlying mechanism in the travelling wave excitation seems to be related to the stabilization of the near-wall streaks (Swearingen & Blackwelder 1987) . It can possibly be explained by the more recent theories on regeneration mechanisms of near-wall turbulence put forward by Jimenez & Pinelli (1999) , Schoppa & Hussain (1997) and Waleffe (1997) . The results by Schoppa & Hussain (1998) , in particular, are similar to our results although the control strategy is different. Specifically, they use a lower-amplitude standing wave type of excitation which is applied throughout the domain, in contrast to the excitation employed here which is restricted to a very thin layer near the wall. However, both their strategy and the transverse travelling wave aim at stabilizing the near-wall streaks. In both approaches, the vorticity fluctuations normal to the wall are reduced by at least a factor of two compared to the no-control case for drag reducing cases (see figure 21) . It was also found in a model postulated by Schoppa & Hussain (1997) the growth rate of the streaks sinous instability mode grows with the magnitude of ω y , so if it falls below a threshold no such instability occurs. The role of the streamwise vorticity ω x is also of great interest. In figure 28 (b) we plot instantaneous contours of streamwise vorticity for a drag reducing case with the wavelength equal to the span of the domain (i.e. λ z = 5.6). We see that ω x is also a travelling wave that forms a protective shield for the controlled surface. With the introduction of external streamwise vorticity which is proportional to
in the near-wall region, the streamwise vortices are significantly strengthened. This enhancement of the streamwise vorticity and associated streak stabilization has also been found numerically by Jimenez & Pinelli (1999) (see their figure 10 ). Specifically, they filtered explicitly the coherent component of the normal vorticity component by multiplying it by a filter function. As the filter width increases so does the streamwise vorticity while at the same time there is significant streak damping with eventual re-laminarization of the flow. The drag reduction obtained in these simulations was about 30% before an abrupt transition to flow laminarization occurred with sudden drop in all turbulence intensities. A comparison of the corresponding velocity and turbulence statistics (figure 21 here) with figure 10 of Jimenez & Pinelli reveals many similarities before the flow returns to a laminar state under strong filtering. Finally, we discuss the phase relationship between the flow structures and the imposed travelling wave excitation. In figure 28 we have superimposed the position of the maximum, minimum and the node for the external force at that time instant. The relative phase between the force and the flow varies in time, and this is responsible for the significant drag modulation. In figure 29 we plot the long time history of the baseline drag reducing case (I = 1, T + = 50, ∆ + = 3), where we clearly see a modulation with relatively large period.
We focus on two specific time instants, as marked in the figure corresponding flow structures. In the first one (point A) a local (in time) drag decrease is obtained and the corresponding streaks are visualized in figure 30(a) . This is the time instant of point A in figure 29 . Specifically, we plot the first Fourier mode of the streamwise velocity at y + = 4 along the span. The vertical line denotes the location of the force maximum at that time instant, while the dot-dash line corresponds to the first mode of the streamwise velocity. A similar plot is shown in figure 30(b) but at a later time corresponding to a local (in time) drag increase (point B). By comparing the phase between the maximum of the external force and the maximum of the filtered streak curve, we observe the following: at y + = 4 the maximum of the first mode of Drag reduction in wall-bounded turbulence via a transverse travelling wave 25 the streaks and the Lorentz force maximum (figure 30) are at phase difference always in the interval [π/2, π]. Specifically, we observe that at a time instant of drag decrease this difference approaches the lowest value (π/2), whereas at a time instant of drag increase this difference approaches the highest value (π). In addition, there is a slight phase difference between the drag force and the excitation force. For the baseline reducing case (I = 1, T + = 50, ∆ + = 3) the period (in viscous units) of the drag force was estimated close to 46. This shows that there is a difference of 4 viscous time units between the period of the excitation force and the period of the drag force. This explains the beating phenomenon observed in the figure 29 of the drag history plot.
Summary and discussion
The main result of this paper is that travelling waves of appropriate form propagating along the spanwise direction and within the viscous sublayer of a turbulent boundary layer may stabilize the wall-streak instability, suppress turbulence production, and lead to large amounts of drag reduction.
Moreover, we have identified the amount of energy input that is required to produce the desired drag reduction effect. Such travelling waves have also been observed in the EMTC experiments at Princeton by Nosenchuck and collaborators, but at an oblique direction of about 45
• with respect to the spanwise direction (Nosenchuck, private communications) . Their result indicates the presence of a significant streamwise Lorentz force component. Indeed, for the EM tile array studied in § 2, the Lorentz force component at a fixed time instant has the distribution shown in figure 31 and magnitude comparable to the spanwise component. DNS studies with a streamwise Lorentz force having the form of a travelling wave result in drag increase as shown in figure 32 , which is consistent with previous experimental and numerical studies (Henoch & Stace 1995; Crawford & Karniadakis 1997) . However, if a small streamwise component, e.g. 10% of the spanwise force, is superimposed on the (ideal) spanwise forcing then there is no adverse effect on the drag reduction. As the streamwise excitation increases relatively to the spanwise excitation then a gradual degradation of performance occurs. At an amplitude of about 50% no drag reduction occurs and at higher amplitudes the drag force increases compared to the uncontrolled case.
Given the findings of the present study, the EM tiles in Nosenchuck's array can be re-designed so that a predominantly spanwise Lorentz force is produced. To this end, the square electrodes need to be replaced by thin elongated electrodes with aspect ratio of at least ten, or even electric wires, to produce the desired effect. Preliminary computations using Maxwell's equations support this proposal. Another parameter that determines the net amount of drag reduction is the penetration length ∆ in equation (4.1). For given values of I and T + we found that if ∆ is obtained from
−1 (in global units) then the largest drag reduction is obtained. We found that for ∆ + > 15 a drag increase is obtained but this may be an artifact of the channel domain and it may not be true in boundary layer flows where there is no upper wall to induce artificial flow structures.
The relatively small penetration ∆ of the excitation force into the fluid suggests several surface-based techniques as cost-effective actuation candidates. Moreover, the simulation results show that large values of the amplitude I are not necessary to obtain drag reduction. For example, we have found that at a period T + = 100, excitations with I = 1 and I = 2 lead to drag increase but I = 0.5 leads to drag decrease; we have also shown that I = 0.1 is very effective. These values of interaction parameter I are in global units and thus they depend on the Reynolds number; no attempt was made in this study to obtain such scaling. From the implementation point of view, unlike other methods proposed for wall-streak control where individual streaks are controlled, the characteristic length scale here is of the order of tens of wallstreak spacings, i.e. 1000 wall units or more. Indeed, the simulation results suggest a monotonic increase of the amount of drag reduction in the wavelength range tested, from λ For submarines with typical Reynolds number of 10 8 the required wavelength is approximately 2 mm and the frequency 5 KHz. For aerodynamic applications at similar conditions, the wavelength is an order of magnitude larger and the frequency an order of magnitude lower. These values suggest that the proposed method can be implemented by a variety of techniques, especially in the context of MEMS technologies (Ho 1997) , i.e. via micro-actuators or via morphing surfaces. The latter involves the creation of 'smart skin' that can be 'cast and pasted' on existing vehicles with minimal intrusion. This smart skin is based on actuators of small size and significant force, such as piezoceramic and magneto-restrictive materials (Near 1996) as well as shape memory alloys (SMA) (Rediniotis, Lagoudas & Wilson 2000) . Piezoceramic actuators can produce up to 1 cm displacement and respond up to the 20 KHz frequency range at 100 V driving voltage. Therefore, they are more appropriate in the very high Reynolds number regime. On the other hand, SMAs are more efficient and work well in the lower Reynolds number regime as in ROV applications. In fact, there has been a successful demonstration of SMA-driven control by Rediniotis and collaborators in similar conditions (Rediniotis et al. 2000) . It has been shown that per 10 cm of strip width, a single SMA wire of 0.03 in. producing a force of 20 N is sufficient to produce the desired travelling wave pattern. The overall efficiency of piezoelectric or SMA actuation is not known but in general the latter requires less driving voltage. In particular, our finding that even at ∆ + ≈ 1.5 a drag reduction of more than 25% is achieved suggests that the required surface displacements can be obtained with modest voltages.
This work was supported initially by DARPA and Naval Undersea Warfare Center, and subsequently by DARPA's Micro Adaptive Flow Control program. We would like to thank D. Nosenchuck for providing information on his experiments, and K. Breuer, J. Paduano and Jin Xu for helpful discussions. We would like to dedicate this paper to the memory of Prof. Linda Krall with whom we had very valuable discussions on turbulent drag reduction during the initial phase of this project. where S is the surface of magnets, n the unit normal to S, and M the permanent magnetization. This corresponds to solving
with Neumann boundary conditions, i.e.
∂Φ B ∂n ∂Ω
where ∂Ω is the surface of the permanent magnet, Ω is the region outside the magnet, and n is the unit normal vector for ∂Ω. We compute the magnetic field using M = 1 first, and then since the problem is linear, we scale it with a constant so that the maximum value of magnetic induction (value of B in the normal direction), matches the maximum experimental value (Du 1999) . In figure 33 we present some representative results of a very detailed comparison for the NUWC tile; the complete results can be found in Du (1999) . 
A.1.2. Electric field modelling
The electric field can also be obtained from the electric potential that obeys Laplace's equation:
) For a highly conducting medium, E = 0 (in/on the medium), and thus Φ E is approximately constant on the electrode surface. However, this approximation is inaccurate due to electrode edge effects and the so-called Motz problem (Motz 1946) . Thus, we computed first the charge σ(x) and subsequently the potential on the electrode (see Du 1999) . To this end, we used the code fastcap (Nabors, Kim & White 1992) , which employs a boundary integral formulation, i.e.
where S is the surface of electrodes. Having obtained Φ E we employ spectral/hp element methods (Karniadakis & Sherwin 1999) with p-refinement to obtain the entire field accurately. It is worth mentioning that the most efficient way to compute the electric field is to solve directly equations (A 4). This is not necessary in the single tile case, but it is in the multi-tile case where using fastcap requires much more computational time; thus, we adopted the following method. As already mentioned, setting the potential equal to a constant (hence E = 0) is not correct because of electrode edge effects. One way around this problem is to use the solution obtained from fastcap to approximate the appropriate (variable) Dirichlet boundary conditions for electric potential that should be set over electrodes. In regions without electrodes a zero Neumann condition is imposed. The results obtained using this mixed approach agrees very well with that obtained entirely from fastcap (Du 1999) .
A.2. Velocity comparisons A more detailed analysis and comparison of velocity fields has been presented in Du, Beskok & Karniadakis (1999) , including the case of an impulsive excitation via a single electromagnetic tile (see also Donovan, Kral & Cary 1997) . Here, we summarize the results from a comparison with an experiment of a single tile actuation and inflow velocity U = 0.2 m s −1 . All simulations were run with the spectral/hp element code NεκTαr (Karniadakis & Sherwin 1999) . The geometry of the tile and the computational domain are shown in figure 34 .
We first establish a steady boundary layer flow with the inflow velocity profile matching that of the experiment. Then, we turn on the Lorentz force and run the simulation until the flow is steady. In figure 35 , we indicate the locations where measurements are taken and we plot streamlines very close to the wall. We see that the flow is converging towards the centre of the tile, and that strong vortices are induced at the electrode edges. In figure 36 we plot streamwise velocity profiles taken at positions where the experimental data are also taken. We see that before the force is turned on, at locations both upstream (X1Z8) and downstream (X5Z8) of the tile, the simulation results match quite well with experiment. At locations X10Z9 and X8Z10, where experimental data are also available for the 'force-on' comparison, the matching is equally good for instances both before and after the Lorentz force is turned on.
Appendix B. Simulation parameters and resolution studies
All flow simulations were done using the parallel code NεκTαr (the PRISM version), which is based on spectral/hp element methods (Karniadakis & Sherwin 1999) . Extensive resolution studies and benchmarks of this code for turbulent channel flows have been performed by Crawford (1996) and Crawford et al. (1996) .
Two computational domains were employed in the simulation shown in figures 37 and 38; also included are the corresponding meshes consisting of 144 and 192 elements, respectively. Fourier expansions were employed along the streamwise xdirection. Simulations were performed on both meshes with polynomial order varying from p = 7 to p = 11, and the number of Fourier modes varying from 16 to 64. Typical results from the comparison between low and high resolution in figure 39 show that essentially the same drag reduction is predicted by both simulations. However, there is some difference in instantaneous values and especially in the initial reduction rate. The corresponding differences in turbulence intensities between the low-and high-resolution runs are small as shown in figure 40 .
